A reverse micelle is a droplet of water surrounded by surfactant molecules dispersed in an organic solvent of low polarity, where their polar groups are concentrated in the inner aqueous core of the aggregate, while their hydrophobic moieties extend into the bulk organic solvent. The water pool, formed by water molecules included in the core of reverse micelles, provides a unique and versatile reaction field, referred to as microreactors.
A reverse micelle is a droplet of water surrounded by surfactant molecules dispersed in an organic solvent of low polarity, where their polar groups are concentrated in the inner aqueous core of the aggregate, while their hydrophobic moieties extend into the bulk organic solvent. The water pool, formed by water molecules included in the core of reverse micelles, provides a unique and versatile reaction field, referred to as microreactors. [1] [2] [3] [4] The area with the most applications of reversed micellar media in spectroscopy is perhaps that of analytical bioluminescence or chemiluminescence (CL) measurements. 3, 4 It has been pointed out that the CL reaction occurs at the surfactant-water pool interface of the reverse micelles dispersed in the bulk organic solvent. 3, 5 Although a CL emission from luminol oxidation catalyzed by metal ions and metalcontaining ions is well known in conventional or usual aqueous solution 6, 7 , in reversed micellar solutions this is rarely reported. [8] [9] [10] [11] In our previous work 8 it was observed that the uptake of the iron(III) complex of 8-quinolinol (oxine), Fe(oxine) 3 , by a reverse micelle of cetyltrimethylammonium chloride (CTAC) into the water pool and its subsequent conversion into a reactive species, that is, iron(III) ion capable of catalyzing the CL reaction of luminol with hydrogen peroxide occur.
Accomplished in many ways, the extraction of metal ions with a suitable organic solvent is effective in separation, and can be used in both micro and macro levels of concentration. When usual aqueous solutions are used in CL measurements after extraction, however, a relatively time-consuming procedure, like back extraction into an aqueous solution or evaporation of the solvent, is certainly needed before CL detection. 12 On the other hand, the extract can be mixed directly with a reversed micellar solution of luminol dispersed in oil. We thus examined the development of a hybrid method based on the combination of the reversed micellar-mediated CL (RMM-CL) detection with solvent extraction for the determinations of iodine 13 , gold(III) 14, 15 , and rhodium(III). 10 Furthermore, an online procedure for extraction via ion-pair formation followed by the RMM-CL detection was proposed for gold(III) determination using a reverse-flow injection (FI) system with a membrane filter for phase separation. 16 In this work, the luminol CL enhanced by the Fe(oxine) 3 complex in reverse micelles was investigated and on-line extraction through complex formation was combined with the RMM-CL reaction for the iron(III) determination using such a flow injection (FI) system. In this procedure, furthermore, a reaction process using hydrogen peroxide was added to oxidize iron(II) to iron(III) prior to solvent extraction, which has made it possible to conduct a speciation analysis.
Experimental

Reagents
Luminol was purchased from Aldrich Chemical Co., Inc. (Milwaukee, WI, USA). Hydrogen peroxide was purchased from Mitsubishi Gas Chemical Co., Ltd. (Tokyo, Japan). CTAC was obtained from Tokyo Kasei Kogyo Co., Ltd. (Tokyo, Japan). Chloroform (containing 0.3 -1.0%(v/v) ethanol as stabilizer) was obtained from Kanto Chemical Co., Inc. (Tokyo, Japan). Cyclohexane was purchased from Katayama Chemical Co., Ltd. (Osaka, Japan). Oxine was obtained from Wako Pure Chemical Industries, Ltd. (Osaka, Japan). All other reagents used were of analytical reagent grade. All of the chemicals were used without further purification. Deionized water, freshly collected from an Advantec Toyo (Tokyo, Japan) Model GSU-901 water purification apparatus, was utilized in the preparation of all aqueous solutions. A solution (pH 4) containing 0.44 M acetic acid and 0.11 M sodium acetate was prepared for use as a buffer. Working solutions of iron(III) were made before use by serial dilution of a 1000 µg cm -3 standard solution of iron(III) (Kanto Chemical Co., Inc.) using a buffer solution of pH 4.
Apparatus
A multicomponent instrument was used for the reverse FI system of on-line continuous extraction, phase separation and CL detection, as previously reported. 16 The flow system comprised a Tosoh (Tokyo, Japan) Model CCPM computer-controlled pump unit and a Niti-on (Funahashi, Japan) Model LF-800 photometer with a coiled flow cell (70 mm 3 ). The extraction coil (0.5 mm i.d.×3 m long) of a PTFE tube, available as one of the accessories with a Hitachi (Tokyo, Japan) Model K-1000 FI analyzer apparatus, was used for mixing and solvent-extraction purposes. The geometry of the self-designed phase separator was almost the same as that used in previous work. 17 The microporous Teflon membrane was obtained from Flon Industry Co., Ltd. (Tokyo, Japan). 1 ) and a 100 ng cm -3 aqueous solution of iron(III) was used to optimize all of the analytical conditions. Aqueous solutions of iron(III) and oxine were pumped at a flow rate of 2.0 cm 3 min -1 and mixed by means of a T-piece. Then, the aqueous stream of the resulting solution was merged with the stream of chloroform at a rate of 2.0 cm 3 min -1 using another T-piece in the flow system. The aqueous-organic-phase mixture was passed through the extraction coil, where iron(III) is transferred to the organic phase. The Teflon membrane was not permeable to water, while ca. 85% of chloroform was separated and sent onward for the required RMM-CL reaction. The luminol reagent was sucked into a loop of 100 mm 3 and then inserted into the carrier stream of chloroform using an automated rotary injection valve. The carrier flow rate was 2.0 cm 3 min -1 . Upon mixing the reagent with the extract stream in a coiled flow cell mounted in front of a photomultiplier tube of the photometer, CL signals were produced. An analytical CL signal was taken as the difference in the observed peak heights for the analyte and the blank.
In the differential determination of iron(II)/iron(III), hydrogen peroxide was added to a mixed sample solution containing iron(II) and iron(III) before use for the determination of total iron, Fe(II)+Fe(III). The resultant sample solution containing 0.2 M H 2 O 2 was applied to the above FI system in place of the aqueous sample solution of iron(III). For the determination of iron(III) alone, the sample solution of iron(II) and iron(III) was used without the addition of hydrogen peroxide. The difference in the observed peak heights for the total iron and iron(III) alone was considered to be the signal of iron(II).
In a comparative study mentioned below, a CTAC reversed solution of 8. 3 ; however, chloroform was used as a reversed micellar bulk solvent. Also, the solution of the same complex concentration in chloroform alone was made. The CL signals were obtained with the same FI system as that used for the previous work.
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Results and Discussion
Chemiluminescence enhanced by Fe(oxine) 3 
in reverse micelles
An enhancement in the RMM-CL emission of luminol was produced by mixing a chloroform solution of Fe(oxine) 3 with a CTAC reversed micellar solution containing the basic solution (1.0 M NaOH) of luminol and hydrogen peroxide. Visible absorption measurements showed that increasing the concentration of sodium hydroxide in the reversed micellar solution caused a decrease in the absorbance of the complex, indicating decomposition of the complex, in which attack of nucleophilic hydroxide ion to the central metal of the complex may play an essential role at the surfactant-water pool interface of the CTAC reverse micelle; the free iron(III) ion produced is considered to be available for the CL catalysis. In our previous work 11 , a similar behavior of the oxovanadium(IV) acetylacetonate complex in the RMM-CL reaction was observed; it has been pointed out that the free VO 2 + ion produced transiently from decomposition of the complex upon its uptake by the reverse micelles may play an important part in the RMM-CL process.
In order to elucidate that such a process is also the case for the Fe(oxine) 3 complex, the complex and the aqueous acid solution of iron(III) were previously dispersed in reversed micellar solutions, and then mixed with the reversed micellar luminol solution, as mentioned in the experimental section. The obtained CL signals were compared to a reference signal with the complex in chloroform alone. The results are summarized in Table 1 . The CL intensities with the iron(III) ion and the iron(III) complex in the reversed micellar solutions containing the acid (pH 3.0) were ca. 8-times greater than that with the chloroform solution of the complex. On the other hand, the magnitude of the signal for the iron(III) complex in the reversed micellar solutions containing the basic solution of 1.0 M NaOH decreased to zero. Since the iron(III) ion is likely to hydrolyze in a basic medium 18 , the observed loss of its catalytic activity may be explained by assuming an effect of hydroxide formation in the water pools of reverse micelles, as reported for gold(III) 9 and rhodium(III) 10 in usual aqueous basic solutions. Thus, these observations imply that a competition among the two processes of the iron(III)-catalyzed luminol reaction and hydrolysis of iron(III) probably occurs following the decomposition of the complex in the reversed micellar medium of luminol. The acid in the reversed micellar water pool seems to suppress the hydrolysis of iron(III). Furthermore, protonation of the oxine anion released from the complex is probably significant in the decomposition process as the neutral oxine molecule formed by the protonation can diffuse into the reversed micellar bulk solvent due to its hydrophobicity. This is expected to promote decomposition of the complex in the reversed micellar solution containing the acid. On the other hand, the decomposition might occur more slowly in the reversed micellar luminol solution containing the base when mixed with the complex in chloroform, resulting in a decrease in the amount of the free iron(III) ion produced transiently.
Optimization
When the extract containing the iron(III) complex was mixed directly with the reversed micellar luminol solution by using the flow system, the decomposition of the complex and the subsequent luminol CL reaction were conducted in the presence of the base in the same reversed micellar water pool. However, the above observations suggest that the base is unsuitable for maintaining the catalytic activity of the iron(III) ion in the CL process. Thus, a careful choice of the base concentration in the luminol solution was needed; a sodium hydroxide concentration of 1.0 M was recommended.
The physicochemical properties of the reverse micelles are affected by the molar ratio (R), since changing the R value simply brings about a modification of the size of the reverse micelles. An increase in size with increasing R has been reported. 19, 20 Furthermore, it has been observed for complex formation between nickel(II) and murexide in a reversed micellar water pool that this produced a decrease in the equilibrium constant 21 , leading to an increase of the free metal ion content in the water pool. For the Fe(oxine) 3 complex, the dependence of the formation constant on R can be presumed to be the same. As is evident from Table 1 Relative CL intensity observed from mixing the CTAC reversed micellar luminol solution with various iron(III) species in chloroform and reversed micellar media Fig. 2 , increasing the R value along with a decrease in the CTAC content at a constant amount of water in the reversed micellar solution caused an increase in the CL emission. Further, the intensity reached a maximum at around 0.15 M CTAC and an R of 22.2, which were chosen to be optimal. Beyond the respective optimized levels, the relatively high viscosity of the luminescent reagent solution makes it difficult to obtain sharp and reproducible signals, since rapid mixing with the Fe(oxine) 3 solution is hampered in the flow cell.
As shown in Fig. 3 , the CL intensity increased along with an increase in the concentration of oxine in an aqueous solution which was mixed with the aqueous sample solution of iron(III) for the extraction of the Fe(oxine) 3 complex into chloroform. It was observed that a 1.0×10 -3 M oxine concentration was optimal and a maximum CL intensity was attained at around the concentration. When an aqueous blank solution was used in place of the aqueous sample solution of iron(III), some CL emission resulted, which is presumed to have been caused by the partial extraction of oxine molecules into chloroform. On the other hand, the iron(III) catalyzed luminol CL emission was diminished by the addition of oxine molecules to the extract. This phenomenon might have been due to a suppressing effect of the oxine on the decomposition of the iron(III) complex, since an increase in the absorbance of the complex was observed when the oxine concentration was increased in the reversed micellar solution. 8 The complexing ability of oxine is strongly pH dependent, because the ligand is an anion of a weak acid. This is important in the selective extraction of metal-oxine complexes into organic solvents; the lower is the stability constant of any particular metal complex, the higher must the pH of the solution be for satisfactory extraction. Figure 4 shows that with iron(III), CL signals appeared at pH > 1.5 and a plateau in the CL intensity was evident at pH > 3.5. For iron(II), on the other hand, no CL signals were obtained at pH < 4.5. Thus, a buffer of pH 4 was recommended to be used for the determination of iron(III) alone. It has been pointed out that in the oxine complex of iron(II) the coordination of two water molecules to the metal ion is allowed by preferring octahedral coordination, thereby preventing its extraction into chloroform. 22 Also, the extractability of other metal ions, such as cobalt(II), nickel(II), and copper(II), available for the CL catalysis depends on their tendency to form complexes in which two water molecules are weakly bonded. 22 Thus, selectivity may be expected to be achieved by pH control.
Under the analytical conditions optimized here using the proposed on-line extraction-FI system, a detection limit (DL) of 5 ng cm -3 Fe(III) and a linear dynamic range extending from 10 to 500 ng cm -3 Fe(III) were obtained for the aqueous solution of iron(III), where the DL is defined as the concentration of the analyte for which the analytical signal is three-times higher than the base-line noise. The present DL is about 10-times higher than that obtained in our previous work 8 chloroform solution of the iron(III) complex as a sample without solvent extraction. This seems to have mainly been due to CL suppression by the oxine molecules extracted into the chloroform stream, as mentioned above.
Differential determination of iron(II)/iron(III)
In the present flow system, a reaction process using 0.2 M H 2 O 2 for mixed sample solutions containing iron(II) and iron(III) was added to oxidize iron(II) to iron(III) prior to solvent extraction. When the concentrations of iron(II) alone varied at a constant content of iron(III) in the sample solutions, the total iron, Fe(II)+Fe(III), measured as the peak height, gave a linear calibration graph in the presence of hydrogen peroxide, whereas almost the same CL signals were produced by the absence of hydrogen peroxide, as shown in Fig. 5 . The results indicate that only iron(III) is transferred to the organic phase and can be determined.
In conclusion, this work demonstrated the suitability of the RMM-CL system as a simple and rapid detector for the proposed method based on its coupling with online solvent extraction for the iron(III) determination. Modification of this technique would provide for iron(III) analysis only, Fe(II)+Fe(III), or iron(II) and iron(III) in a same sample using the hydrogen peroxide cycling, by which a speciation analysis of iron(II, III) is expected to be made possible, although this possibility needs to be investigated further.
